Abstract. Natural killer (NK)-based immunotherapeutic strategies are showing promise in the clinic, particularly against acute myeloid leukemia (AML). Similar treatments for T-cell acute lymphoblastic leukemia (T-ALL) have been less successful, which is due to the higher resistance of T-ALL blasts to the cytotoxic function of NK cells. Herein, microRNA-29b (miR-29b) upregulation was identified in NK cells in both neurogenic locus notch homolog protein 1 (Notch1)-T-ALL mice and patients with T-ALL. Furthermore, miR-29b expression levels were downregulated in T-ALL blast cells. In addition, there was a selective downregulation of an immature subset of NK cells, as well as a reduction in interferon γ (IFNγ) production and natural killer receptor group 2, member D (NKG2D) expression level by NK cells in Notch1-T-ALL mice and patients with T-ALL. Furthermore, when miR-29b knock-out NK cells were adoptively transfused into Notch1-T-ALL mice, partial restoration of IFNγ production and NKG2D expression was observed in NK cells, accompanied by retarded ALL progression and improved survival time. These results implied that T-ALL blast immune evasion occurred via miR-29b-mediated dysregulation in NK cells in the T-ALL microenvironment.
Introduction
T-cell acute lymphoblastic leukemia (T-ALL), a highly aggressive hematological malignancy, carries an increased risk of treatment failure and relapse compared with B-cell acute lymphoblastic leukemia (B-ALL) (1) . The majority of studies investigating natural killer (NK) cell recognition in ALL have focused on B-ALL (2, 3) , while a limited number of studies have investigated the role of NK cells in T-ALL. Thus, there is a requirement for studies surrounding the mechanism of immune surveillance escape in T-ALL, with the aim to improve the success of therapeutic strategies.
NK cells are important innate immune surveyors that are critical for the removal of leukemia blasts. It has been reported that following bone marrow transplantation, NK cells are able to effectively destroy leukemia blasts in patients with acute myeloid leukemia (AML) (4) . However, the NK response to treatments for T-ALL is limited (5, 6) . Factors that affect immune surveillance by NK cells are characterized as immune escape strategies used by leukemia blasts, including the downregulation of NK cell cytotoxicity and activation receptors, upregulation of inhibitory NK cell receptors and secretion of soluble NK-inhibitory factors (7, 8) . In ALL, it has been reported that T-ALL blasts downregulate cell-surface ligands that activate NK cell receptors, facilitating immune surveillance escape (5, 6) . NK cells exist in distinct functional subsets that are characterized by their surface antigen profiles. Further investigation of the NK cell maturation phenotype in T-ALL is required, as to date, the effects of maturation arrest in T-ALL have not been evaluated.
The murine NK cell maturation process consists of four stages: CD27 -CD11b -→ CD27 + CD11b -→ CD27 + CD11b + → CD27 -CD11b + (9) ; Murine CD11b + mNK subsets can be further categorized into CD27 + and CD27 -populations. CD11b + CD27
+ NK cells produce a greater range of cytokines and exhibit increased cytotoxicity compared with their CD27 -counterparts (10) . Human mature NK subsets are characterized as CD56 bright CD16 dim or CD56 dim CD16 bright (11) . CD56 bright CD16 dim NK cells are the precursors to CD56 dim CD16 bright NK cells, which predominantly reside in secondary lymphoid tissue, produce a wider range of cytokines, including interferon γ (IFNγ), tumor necrosis factor-β, interleukin (IL)-10, IL-13 and granulocyte-macrophage colony-stimulating factor, but are less cytotoxic. By contrast, CD56 dim CD16 bright NK cells, enriched in the peripheral blood, produce fewer cytokines but are more cytotoxic. As a result, CD56 bright CD16 dim NK cells are the primary IFNγ-producing subset (12) (13) (14) . The majority of NK-mediated anti-leukemia activity is the result of IFNγ production, which is partially attributed to the upregulation of natural killer receptor group 2, member D (NKG2D) (15) , and which in turn activates NK cells via the DAP10 and/or DAP12 signaling pathways (16) .
MicroRNAs (miRs) serve an important role in regulating the development and functions of NK cells (17, 18) . However, the importance of miRs in regulating NK cells in T-ALL has not been investigated. Due to >50% of human T-ALL exhibiting activating neurogenic locus notch homolog protein 1 (Notch1) mutations (19) , the present study demonstrated the effects of miR-29b on the dysregulation of NK cell phenotype and function in Notch1-T-ALL mice. The selective downregulation of CD27 + CD11b + NK cell subset was revealed, in addition to a reduction in IFN-γ secretion and NKG2D expression on NK cells. Furthermore, the upregulation of miR-29b expression level was observed, which may have regulatory effects on NK cell development.
Materials and methods

Animals.
Wild type (WT) C57BL/6, C57BL/6 Rag2 -/-and C57BL/6 miR29ab1 -/-mice were bred in pathogen-free conditions at the animal center affiliated to the First Bethune Hospital (Changchun, China). Following experimentation, the animals were sacrificed by cervical dislocation; the thumb and index finger were placed on either side of the neck at the base of the skull. With the other hand, the base of the tail was quickly pulled, causing separation of the cervical vertebrae from the skull. Death was verified by the lack of continuous spontaneous breathing or blinking reflex.
Notch1-T-ALL mice and NK cell infusion.
NK cells were prepared as previously described (20) . Notch1-T-ALL blasts were prepared and injected into mice as previously described (21) . The Notch1-T-ALL blasts used in the present study contained >95% leukemia (GFP+) cells. C57BL/6 mice or C57BL/6 Rag2 -/-mice received 2x10 5 Notch1-T-ALL blasts. In the NK cell transfusion experiment, 2x10 7 WT NK cells or miR-29b knock-out (KO) NK cells were injected into C57BL/6 Rag2 -/-mice.
Patients.
Fresh peripheral blood samples with CD7 + T-ALL blasts were obtained from 8 newly diagnosed T-ALL patients (5 males and 3 females), aged 20-56 years old, in the Hematology department of the First Bethune Hospital between March 2017 and September 2017. Fresh peripheral blood of the age-and sex-matched healthy control group was obtained from volunteers at the hospital in the same time period.
Cell isolation. Fresh peripheral blood was layered onto Ficoll (cat. no. 171440-02; GE Healthcare) and centrifuged at 400 x g for 10 min at room temperature. NK cells, CD3 + T cells and CD7 + T-ALL blasts were collected from the single-cell suspension and sorted for immunophenotypic analysis or quantitative reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis as described below. The NK cell subset was enriched using the human NK cell isolation kit (cat. Analysis of intracellular IFNγ expression. Intracellular production of IFNγ was analyzed using rat anti-mouse IFNγ-APC, as previously reported (16) . Briefly, freshly isolated splenocytes from Notch1-T-ALL mice and control C57BL/6 mice were labeled with anti-NK1.1 and anti-CD3 antibodies for 6 h; followed by fixation, permeabilization, and labeling with anti-IFNγ antibodies. Cells were subsequently evaluated using the FACS Canto™ II flow cytometer (BD Biosciences).
Cell lines and cytotoxicity assays. The EL4 cell line (C57BL/6 origin) was obtained from the laboratory of the Translational Medicine Institution in Jilin University, and was thawed from a frozen stock. EL4 cells were cultured in RPMI 1640 (cat. no. 11875085; Thermo Fisher Scientific, Inc.) supplemented with 100 U/ml penicillin (cat. no. 15140163; Thermo Fisher Scientific, Inc.), 10% fetal bovine serum (cat. no. 10437028; Thermo Fisher Scientific, Inc.), 100 µg/ml streptomycin (cat. no. 15070063; Thermo Fisher Scientific, Inc.) and 50 µmol/l 2-mercaptoethanol (cat. no. 21985023; Thermo Fisher Scientific, Inc.), at 37˚C with 5% CO 2 . EL4 and Notch1-T-ALL blasts were cultured with NK cells in standard 4-h chromium release assay as reported previously (22) .
RT-qPCR. Total RNA was isolated from NK cells, Notch1-T-ALL blasts and T-ALL blasts using the RNAqueous™ Total RNA Isolation kit (cat. no. AM1912; Invitrogen; Thermo Fisher Scientific, Inc.,), followed by reverse transcription using the High-Capacity cDNA Reverse Transcription kit (cat. no. 4368814; Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. qPCR was performed using the SYBR ® Green master mix (cat. no. 4334973; Applied Biosystems; Thermo Fisher Scientific, Inc.) on a QuantStudio™ 6 Flex Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primers for murine and human IFNγ, NKG2D and GAPDH are listed in Table I . miR-29b expression was detected using the murine and human microRNA-29b TaqMan™ microRNA assay (cat. no. 4427975 (000413); Thermo Fisher Scientific, Inc.), the murine U6 control TaqMan™ microRNA assay (cat. no. 4427975 (001973); Thermo Fisher Scientific, Inc.), and the human RNU6B control TaqMan™ microRNA assay (cat. no. 4427975 (001093); Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: 95˚C for 2 min; 40 cycles of 95˚C for 15 sec, 60˚C for 15 sec and 68˚C for 30 sec. Gene expression was normalized to an internal control and the relative mRNA expression level of each gene was determined using the as 2 -ΔΔCq method (17) .
Statistical analysis. The unpaired Student's t-test was used
to statically analyze the differences between two independent groups. Multiple comparisons between groups were performed using one-way ANOVA followed by the S-N-K method. The flow cytometry results were analyzed using FlowJo 10.0.7 software (FlowJo LLC), and the RT-qPCR data was analyzed using SPSS 12.0 (SPSS, Inc.). Survival rates were analyzed using Kaplan-Meier analysis and the log-rank test of Prism 5 (GraphPad Software, Inc.). Data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Alterations to miR-29b expression level in NK cells and leukemia blasts in T-ALL.
An increase in the expression levels of miR-29b in NK cells has previously been associated with an aggressive disease phenotype (21, 23) . Specifically, a recent study reported that increased levels of miR-29b expression influenced the differentiation and function of NK cells in AML (17) . To determine whether miR-29b dysregulation also occurred in T-ALL, the expression levels of miR-29b were determined in mouse NK cells 21 days after Notch1-T-ALL blast administration. There was a significant increase in the miR-29b expression level of NK cells from the spleen of Notch1-T-ALL mice, compared with that of the control mice (9.47±3.83 vs. 1.50±1.03; P=0.0005; Fig. 1A ).
Human mature NK cells were characterized as
NK subset is more common in the peripheral blood, and exhibits higher cytotoxicity, but a lower level of cytokine production compared with the CD56 high CD16 dim NK subset (12) . It was determined that a similar increased level of miR-29b expression level occurred in NK cells from the peripheral blood of patients with T-ALL; the miR-29b expression in the CD56 bright CD16 dim NK cell subset of untreated patients with newly diagnosed T-ALL was compared with that of the healthy age-matched control group. The results revealed a significantly increased level of miR-29b expression in the CD56 bright CD16 dim NK cell subset from T-ALL patients, compared with that of the healthy control group (2.13±0.87 vs. 0.91±0.48; P=0.0039; Fig. 1B ). These results suggested that NK cells express increased levels of miR-29b in both murine Notch1-T-ALL mice and T-ALL patients.
Previous studies have indicated the occurrence of miRNA exchange between cells in chronic leukemia (24, 25) . In addition, increased miR-29b expression levels in NK cells are associated with decreased expression in AML blasts (17) . The present study investigated whether a similar reduction in miR-29b expression level occurred in T-ALL blasts. 21 days after the administration of Notch1-T-ALL blasts into mice, the miR-29b expression level in splenic blasts had decreased, compared with that in the splenic WT CD3 + T cells of mice without blast transfer (0.25±0.17 vs. 1.04±0.11; P=0.0026; Fig. 1C) . Furthermore, it was demonstrated that the miR-29b expression level decreased in Notch1-T-ALL blasts from the peripheral blood of patients with T-ALL, compared with that in T cells from the peripheral blood of healthy individuals (0.48±0.18 vs. 0.94±0.18; P=0.0315; Fig. 1D ). These data indicated that miR-29b expression was dysregulated in both T-ALL mice and patients. Opposing trends in miR-29b expression levels were observed between NK cells and leukemic blasts in the T-ALL microenvironment.
NK cell subset alterations in Notch1-T-ALL mice and patients with T-ALL.
A previous study demonstrated that the absolute number of CD27 + CD11b + NK cells increased in the peripheral blood, spleen and bone marrow of AML mice, which was associated with an increase in NK cell miR-29b expression level (17) . Therefore, the present study investigated NK cell subsets in Notch1-T-ALL mice. A significant reduction in the CD27 + CD11b + subset in the spleens of Notch1-T-ALL mice was Fig. 2A) . However, the CD27 + CD11b -subset increased significantly in Notch1-T-ALL mice (16.36±5.46% vs. 40.85±11.32%; P=0.0024; Fig. 2A) .
Furthermore, the absolute number of the NK cell subsets in the spleen, peripheral blood and bone marrow of Notch1-T-ALL mice was evaluated and compared with control mice. The data revealed that the CD27 + CD11b + subset was significantly reduced in the spleen (6.58±2.38x10 Fig. 2D ). This may be due to the presence of T-ALL blasts in the bone marrow of Notch1-T-ALL mice, which may result in reduced hemocyte production compared with that of the control group. These data illustrated the developmental retardation of the CD27 + CD11b -NK cell subset in Notch1-T-ALL mice. In the peripheral blood, 90% of NK cells are characterized as CD56 dim CD16
bright , and only 10% as CD56 bright CD16 dim (11) . NK cells were identified in the peripheral blood of eight T-ALL patients at diagnosis, and in age-matched healthy volunteers. The percentage of CD56 bright CD16 dim NK cells in the total NK cell population was decreased in patients with T-ALL, compared with that in the control group (5.69±2.53% vs. 9.54±2.26%; P=0.0065; Fig. 2E ). In addition, a corresponding elevation in (Fig. 3A) . This trend was also observed for EL4 cells, it was statistically significantly at a ratio of 4:1 (23.80±5.21% vs. 44.17±5.33%; P=0.0091; Fig. 3B ). To demonstrate whether a reduction in IFNγ secretion from NK cells was one of the influencing factors for NK cell cytotoxicity, the relative expression levels of IFNγ in NK cells from both Notch1-T-ALL mice and WT C57BL/6 mice was evaluated. The results revealed that the relative level of IFNγ expression was significantly decreased in NK cells from Notch1-T-ALL mice compared with that of the WT C57BL/6 mice (0.41±0.22 vs. 1.03±0.27; P=0.0468; Fig. 3C) . Additionally, the expression levels of IFNγ in NK cells from patients with T-ALL were significantly decreased when compared with those of the healthy controls (0.25±0.22 vs. 1.02±0.42; P=0.0086; Fig. 3D ).
The cytotoxic functions of NK cells are regulated by the expression of activating and inhibitory receptors on the cell P<0.01, as determined using one-way ANOVA or the unpaired Student's t-test. miR, microRNA; KO, knock-out; T-ALL, T-cell acute lymphoblastic leukemia; NK, natural killer; WT, wild type; Notch1, neurogenic locus notch homolog protein 1; IFN, interferon; NKG2D, natural killer receptor group 2, member D; ns, not significant.
surface. Interactions between the activating receptor NKG2D and its ligands promote IFNγ production in NK cells (26) . Therefore, alterations to NKG2D expression in NK cells were investigated, which may be associated with the reduction in IFNγ production and NK cell cytotoxicity. As predicted, a reduction in the NKG2D expression level was detected in the NK cells of Notch1-T-ALL mice, compared with that of the WT C57BL/6 mice (0.7569±0.31 vs. 1.03±0.20; P=0.1036 ;  Fig. 3E) ; a similar reduction was observed in T-ALL patients (0.75±0.31 vs. 1.03±0.29; P=0.1882; Fig. 3F ). These results suggested that NKG2D expression levels decrease in the leukemia microenvironment of T-ALL, which may be one of factors to influence the reduction of IFNγ production.
ALL progression is inhibited in miR-29b KO NK cells.
It has previously been demonstrated that miR-29b deletion in NK cells reverses dysregulation in the NK cell subsets and modulates AML progression (17) . Subsequently, the impact of miR-29b KO NK cells on the progression of Notch1-T-ALL was assessed. A total of 2x10 5 Notch1-T-ALL blasts were infused into three groups of C57BL/6 Rag2 -/-recipient mice. In addition, 2x10 7 WT NK cells or miR-29b KO NK cells were adoptively infused into two groups of recipient mice. After 3 weeks, the percentage of circulating Notch1-T-ALL blasts was evaluated. The number of circulating Notch1-T-ALL blasts in mice with WT NK cells was reduced, compared with mice without NK cells (44.69±6.81% vs. 52.03±7.85%; P=0.0885; Fig. 4A) . Notably, the number of Notch1-T-ALL blasts decreased significantly in mice with miR-29b KO NK cells, compared with those without (36.09±7.60% vs. 52.03±7.85%; P=0.0023; Fig. 4A ). Also, improved survival time was observed in mice with WT NK cells compared with those without NK cells. Specifically, a significant improvement was observed in mice receiving miR-29b KO NK cells (P=0.0230), compared with mice without NK cell infusion. These results suggested that miR-29b KO NK cells served a crucial role in controlling the progression of T-ALL.
Following the deletion of miR-29b in Notch1-T-ALL mice, NK cell function was restored and survival time subsequently improved. The percentage of IFNγ + NK cells and relative NKG2D expression levels in the NK1.1 + CD3 -NK cell population was determined. The results demonstrated that both of these factors were significantly increased in Notch1-T-ALL mice infused with miR-29b KO NK cells, compared with those infused with WT NK cells [(9.39±4.22 vs. 3.23±1.38; P=0.0143; Fig. 4C ) and (1.02±0.44 vs. 0.55±0.32; P=0.0282; Fig. 4D ) respectively]. Therefore, the mechanism of miR-29b KO NK cells in regulating T-ALL progression may involve IFNγ production and/or NKG2D expression in the NK cells of Notch1-T-ALL mice.
Discussion
NK cell-based immunotherapeutic strategies have shown great promise in patients with AML and consist in infusions of alloreactive NK cells with KIR ligand mismatch that protect against AML relapse (4) . Similar types of treatments have been less successful for patients with ALL, which may be due to the increased resistance of T-ALL blasts to NK cell cytotoxicity, as they less frequently express ligands for activating NK cell receptors (6, 27) . Additionally, the available research on T-ALL blast resistance to NK cells is fragmentary. The present study revealed an increase in the miR-29b expression levels of NK cells, with a reduction in miR-29b expression in T-ALL blasts. Furthermore, the NK phenotype was determined, which revealed a selective downregulation of CD27 + CD11b + NK cell subset. In addition, NK cell alterations included a reduction in IFNγ production, decreased NKG2D expression levels and impaired cytotoxicity in T-ALL, which was associated with increased miR-29b expression levels in NK cells.
miR-29 family members have been shown to be downregulated in AML, as well as in chronic lymphocytic leukemia (23) . Furthermore, a reduced expression level of miR-29b in AML blasts has been shown to correlate with disease progression (23, 24) . As a result, the overexpression of miR-29b enhanced the apoptosis of AML blasts. Previous studies have identified that miR-29b interferes with the development of CD4 + T cells by regulating T-box-related TBX21 (T-bet) and eomesodermin (Eomes) expression (28, 29) . Furthermore, in NK cells from T-bet or Eomes KO mice, the resulting inhibition of terminal differentiation was associated with a lack of CD11b + NK cells (30) . In the AML microenvironment, increased miR-29b expression in NK cells altered NK differentiation by regulating T-bet and Eomes (17) . However, to the best of our knowledge, miR-29b expression in NK cells was yet to be evaluated in the T-ALL microenvironment.
In the present study, miR-29b expression in NK cells was initially determined in both Notch1-T-ALL mice and T-ALL patients. The results revealed that in Notch1-T-ALL mice (Fig. 1A) and T-ALL patients (Fig. 1B) , miR-29b expression of NK cells was upregulated, but miR-29b expression of T-ALL blasts ( Fig. 1C and D) was downregulated. Previous studies have reported that elevated levels of miR-29b in NK cells may be associated with the exchange of miR-29b released from chronic leukemia blasts (25, 31) . Exosomes and vesicles are involved in the transfer of miR-29b between cells, as well as leukemia progression and immune suppression (25, 32) . Further studies that focus on the mechanisms of miR-29b expression regulation are required.
A blockage in NK cell differentiation was also observed in both Notch1-T-ALL mice and patients with T-ALL. In the mouse model, the percentage and absolute number of CD27 + CD11b + NK cells decreased in mice with leukemia, compared with the control group. Comparatively, a decreased percentage and absolute number of CD56 bright CD16 dim NK cells was also observed in patients with T-ALL, compared with the healthy control group. This result was consistent with a previous study which reported that NK cell development is arrested in AML (17) ; this study demonstrated that the increased level of miR-29b expression in NK cells downregulated T-bet and Eomes in AML mice, which resulted in the accumulation of CD27 + CD11b -NK cells and a reduction in CD27 + CD11b + NK cells. Furthermore, a decrease in the percentage and absolute number of the CD56 bright CD16 dim NK cell subset was demonstrated in untreated T-ALL patients, compared with the control group. This suggested that T-ALL blasts selectively eliminate this NK subset and block NK cell maturation, which results in NK cell immune surveillance failure. A previous report indicated that the absolute number of CD56 bright NK cells increased at the complete remission stage of leukemia (33) .
Furthermore, Mundy-Bosse et al (17) demonstrated that the depletion of miR-29b restored the intermediate CD27 + CD11b
+ NK cell population in AML. In the present study, although the impact of adoptively transferred miR-29b KO NK cells on the restoration of NK cells subsets was not investigated, the impact of these cells on NK cell function in the Notch1-T-ALL microenvironment was determined.
In the present study, NK cell cytotoxicity towards Notch1-T-ALL cells and EL4 murine lymphoma cells was significantly decreased in Notch1-T-ALL mice, compared with WT C57BL/6 mice. NK cells secrete cytokines that kill target cells and influence the host immune response (13, 34) . As a prototypical NK cell cytokine, IFNγ activates antigen-presenting cells to induce MHC-I expression (35) , and inhibits the proliferation of malignant cells (36) . As the primary producer of IFNγ, two signals are involved in IFNγ production by CD56 bright NK cells; NKG2D, a critical NK-activating receptor expressed on all cells from the NK cell lineage (37) , is involved in IFNγ production and NK cell activation (11, 38) , and is also fundamentally involved in the NK cell-mediated antitumor and antiviral immune responses (15, 39) . The upregulation of NKG2D promotes IFNγ secretion via co-stimulatory signaling of NK cells (40) . When NKG2D is blocked, fewer NK cells secrete IFNγ (41) . In the present study, relative NKG2D expression on NK cells was significantly decreased in both Notch1-T-ALL mice and patients with T-ALL, implying that the cytotoxicity of NK cells was decreased in the lymphoblastic leukemia microenvironment. Accordingly, IFNγ secretion by NK cells significantly decreased in both Notch1-T-ALL mice and patients with T-ALL. The reduction in IFNγ secretion was in line with a previous study, which reported that the reduction in intracellular IFNγ production by NK cells was associated with an elevation in miR-29b expression in the AML microenvironment (17) . It was further hypothesized that the increase in miR-29b expression level in the present study may have been associated with a reduction in IFNγ production. When Notch1-T-ALL mice received miR-29b KO NK cells, the partial restoration of NK cell IFNγ production and NKG2D expression were observed. Furthermore, adoptive transfusion of miR-29b KO NK cells into Notch1-T-ALL mice promoted ALL progression and improved survival time. These results identified the elevation of miR-29b expression level as one of the contributing factors to decreased NK cell function in the T-ALL microenvironment. Further research is required to determine how miR-29b affects NK cell IFNγ production and NKG2D expression in T-ALL.
To conclude, the present study identified previously unknown NK cell defects that are associated with miR-29b dysregulation in the T-ALL microenvironment. Alterations in NK cell maturation and function resulted in decreased NK cytotoxicity in T-ALL, suggesting that miR-29b is involved in NK cell development arrest and functional defects, which is used by leukemia cells to evade immune surveillance in T-ALL. Further research is required to reveal the mechanism driving this phenomenon, and solutions that restore NK cell maturation and function to decrease T-ALL relapse.
